We present a stereoscopic rendering scheme of 3D models with artistic styles including cartoon rendering contour drawing. Our scheme design separate projection matrices for both eyes and apply them to generate two images. After that, we apply artistic styles for the images. To preserve the coherence of the images, we design an image space algorithm that modifies the artistic effects of both images to reduce the difference of the artistic styles.
Introduction
In contents industry, 3D contents, which refer to stereoscopic images, become a big trend in entertainment industry. Various 3D movies and animations are played on 3D TVs and 3D theaters. A great obstacle in 3D industry is the difficulty in producing 3D contents, which takes much greater costs and efforts. Non-photorealistic rendering (NPR) that applies various artistic styles can be a useful key in producing 3D contents of various styles.
In this paper, we apply two artistic styles in producing 3D contents: cartoon rendering and contour drawing. The source of the contents is the animation created from 3D models. A challenge in producing 3D contents of the artistic styles is to preserve the coherence between the artistic effects on the left image and the right image.
The stereoscopic coherence between the two images is devised in the following steps:
(1) We build two individual projection matrices for the left eye and the right eye. Each matrix is applied to a target 3D model and we produce two images for stereoscopic images.
(2) We execute NPR rendering technique to apply artistic styles for two images. The styles in two images may not preserve stereoscopic coherence.
(3) We devise an optimization-based scheme that resolves the difference of the styles on both images to preserve stereoscopic coherence of the styles on both images.
The overview of our algorithm is illustrated in Figure 1 . 
Related Work
Gelautz et al., proposed a scheme that automatically applies artistic effects on stereoscopic images and video [1] . They used depth maps of both images to preserve stereoscopic coherence and to control the artistic effects of the regions with different depths. Stavrakis and Gelautz developed a stereoscopic painter's algorithm [2] , which renders stereoscopic images using a depth map-based painters' algorithm. Markovic et al., developed an automatic scheme that expresses sketch effects from a stereoscopic scene [3] . They extract edge combined image by estimating and comparing the depth maps of both images and execute a parametric curve fitting algorithm to the pixels on the extracted edges. Stavrakis et al., executed a series of works on stereoscopic NPR in 2005 [4] [5] [6] . They proposed a stereoscopic stylization scheme that propagates the artistic effects expressed on one image to the other image incrementally [4] . This scheme is improved by applying a multi-scale control scheme to the stylization effects [5] . Furthermore, they extended the stereoscopic stylization scheme to stereoscopic painting scheme [6] . Markovic and Gelautz presented a cartoon drawing scheme on stereoscopic video [7] . They compute the depth maps from both images of each frame, and use them to extract stroke directions on the images. The result of their scheme preserves the perspectiveness of the original images. Starvrakis et al., presented an interactive system in stereoscopic NPR [8] .
We can draw several common points on the existing works. Most of them use depth map in preserving the stereoscopic coherence of the styles on both images. In preserving the coherence, they propagate the effects implemented on one image to the other image. Instead of the propagation, we present an optimization scheme that resolves the difference of the effects implemented on both images of stereoscopic scenes. This scheme reduces the difference of the effects on both images and successfully preserves the stereoscopic coherence of the results
Stereoscopic Projection
A general perspective projection scheme projects objects in 3D space into a projection plane after translating the position of the camera into an origin and rotating the viewing direction of the camera into (0, 0, -1). (See Figure 2 (a) and (c) ). This process is implemented by a perspective projection matrix. In stereoscopic projection, we build two matrices that implement individual perspective projections (See Figure 2 To emphasize the sense of stereoscopic viewing, we restrict the range of the depth of stereoscopic projection as (Ln ~ Lf) and apply the general perspective projection to the objects whose depth is greater than Lf.
Applying Artistic Styles

Cartoon Rendering
Cartoon rendering depicts the shape of a model using colors of two tones. In photorealistic rendering, the color c p at a point p of a model is determined from the inner product between the normal vector n p and the direction of light L. In cartoon rendering, we apply a threshold τ to this value and determine the tone at p. Our formula is given in (1).
Figure 2. The Stereoscopic Projection Framework
(1)
We use τ whose value is 0.6. T1 and T2 represent two tones of a model, which are given 0.8 and 0.4, respectively. c is the genuine color of a model.
Contour Drawing
A contour, which separates an object from its background, is widely used in computer graphics and image processing to emphasize the salient shape of a model. For a 3D model, a point p on the model that satisfies the following formula is regarded as a contour [9] : (2) In (2), np is the normal at point p and v is the view direction. The formula (2), the mathematical definition of a contour, may produce a series of segmented contours from a 3D model, since the model is a discrete approximation of a smooth shape. To resolve this problem, we modify (2) as follows: (3) In (3), ν is a small value, which is assigned as 0.05 in this work.
Preserving stereoscopic coherence
In this paper, we design an image space algorithm that preserves the stereoscopic coherence of the images after applying the artistic styles described in Chap. 4. In the existing works, the stereoscopic coherence is preserved in two steps: (i) applying the artistic style in one image and (ii) applying the style to the corresponding point of the other image. These schemes have a problem in applying the images with occlusion or dis-occlusions where the objects in both image do not match. Our scheme compares the artistic styles in both images and reduces the difference by applying an optimization scheme. 
Preserving Stereoscopic Coherence
In this paper, we design an image space algorithm that preserves the stereoscopic coherence of the images after applying the artistic styles described in Chapter 4. In the existing works, the stereoscopic coherence is preserved in two steps: (i) applying the artistic style in one image and (ii) applying the style to the corresponding point of the other image. These schemes have a problem in applying the images with occlusion or dis-occlusions where the objects in both image do not match. Our scheme compares the artistic styles in both images and reduces the difference by applying an optimization scheme.
The left image after applying the artistic style is denoted as IL and the right image is as IR. The PL and PR denote the projection matrix for the left camera and right camera, respectively. Then, we estimate the artistic styles on left image from the styles on right image by applying the projection of left camera following the inverse projection of right camera. IL', the estimated style on the left image, and IR', the estimated style on the right image, are computed as follow: (4) Therefore, the stereoscopic coherence is preserved after minimizing the following formula:
This process is illustrated in Figure 4 . From the initial IL and IR, we compute IL' and IR' by applying the corresponding projection matrices and the inverse projection matrices. We repeat the minimization procedure on (5) until the difference is greater than our threshold. Figure 5 shows the results of the process. 
Implementation and Results
This algorithm is implemented on a PC with Pentium i7 processor, 4GByte main memory and nVidia GTX460 graphic processor. The stereoscopic animation is displayed on Samsung Syncmaster T27A750 stereo monitor. We have implemented two animations whose frames are shown in Figure 6 . For each animation, we set the disparity as 2.0 and distance as 10.0.
Conclusion and Future Work
We have presented a scheme that renders stereoscopic animations with coherent artistic styles. We will extend our scheme in applying artistic styles on various video. We also explore advanced artistic styles in stereoscopic images. 
